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Acupuncture is one of the most promising modalities in complimentary medicine. However, the
underlying mechanisms are not well understood yet. We found that in TRPV2 knockout male mice,
acupuncture-induced analgesia was suppressed with a decreased activation of mast cells in the
acupoints stimulated. The mast cell stabilizer sodium cromolyn could suppress the release of adenosine
in the acupoints on male rats. A direct injection of adenosine Al receptor agonist or histamine H1
receptor agonist increased 3-endorphin in the cerebral-spinal fluid in the acute adjuvant arthritis male
rats and thus replicated the analgesic effect of acupuncture. These observations suggest that the mast
cell is the central structure of acupoints and is activated by acupuncture through TRPV2 channels.

The mast cell transduces the mechanical stimuli to acupuncture signal by activating either H1 or Al
receptors, therefore triggering the acupuncture effect in the subject. These findings might open new
frontiers for acupuncture research.

Acupuncture is a traditional Chinese medical therapy that has a long history and remains widely used in con-
temporary clinical practice. Modern medical research has demonstrated that acupuncture has a significant thera-
peutic effect on chronic pain’, musculoskeletal pain?, knee osteoarthritis>*, depression®®, rhinitis’, postoperative
rehabilitation of rectal cancer?®, stroke”!?, hypertension'!, angina pectoris'?, and constipation'®. In 2002, the WHO
noted that acupuncture had an efficacy superior to that of control groups for up to 63 diseases, with significant
efficacy for 28 of them'*.

At present, the commonly accepted consensus is that acupuncture triggers systemic responses, including
responses in the nervous system, by physically stimulating specific sites (called acupuncture points or acupoints)
on the surface of the human body, thereby regulating human body functions to eventually achieve a therapeutic
effect. For example, stimulating the extremities can trigger the regulatory action of the cardiovascular system'?,
and stimulating local acupoints can induce a systemic analgesic effect!®. However, we still do not know much
about acupuncture-triggered local acupoint response mechanisms. Studying the effects of changes to an acu-
point’s local tissue environment after acupuncture on the generation of acupuncture-initiated signals may reveal
the mystery of acupoint signals.

Acupuncture is a mechanical force stimulation. Deformation of tissue leads to local damage as well as mechan-
ical signal transduction. By way of dissection and ultrasonic image observation'’-?°, Langevin et al. found that
local muscles at acupoints were intertwined with the connective tissues. They suggested that such a deformation
of local tissue was a hallmark of “acquiring qi” through acupuncture and was also the initial factor in the initia-
tion of an acupuncture signal. Yu et al. destroyed the collagen structure at acupoints by injecting collagenase into
the acupoints of an animal model?!. They found that the acupuncture analgesic effect generated by the acupoint
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Figure 1. Different acupuncture effects between TRPV2 knockout (KO) and wild-type (WT) mice. The pain
threshold data are presented as the mean + s.e.m. On day 1, the inflammatory pain model was established.
Before establishing the model, the pre-modelling pain threshold was measured. On day 3, the first, post-
modelling pain threshold was measured. Acupuncture treatment was performed on the left Zusanli acupoint
(ST36) for 30 min, and 20 min later, the post-acupuncture pain threshold was measured. TRPV2-KO is the gene
knockout group; TRPV2-WT is the littermate wild-type group. The knockout of the TRPV2 gene inhibited the
analgesic effect triggered by acupuncture in this inflammatory-pain mouse model. *vs TRPV2-WT P < 0.05,
**ys TRPV2-WT P <0.01.

tissue after such a treatment decreased dramatically when the acupuncture was performed again, suggesting that
the collagen fibres in the acupoints play an important role in mediating and transmitting acupuncture mechan-
ical force. However, the target of the mechanical force mediated by collagen is still unclear. In a previous in vitro
experiment, we found that mast cells could be activated by mechanical stimulation through the TRPV2 protein
on their membrane?®. In the present study, we used TRPV2 gene knockout mice and studied the activation pro-
cess of local key cells at the acupoints implicated in TRPV2 protein-involved acupuncture effects.

Regarding the tissue environmental changes in acupoints, Goldman et al. found that acupuncture could
result in an abnormal increase of adenosine concentration in acupoint tissue, which could activate local aden-
osine receptor Al and produce a corresponding acupuncture analgesic effect?’. If adenosine receptor Al were
knocked out, the acupuncture analgesic effect would be significantly reduced or would disappear. This find-
ing suggests that changes in adenosine concentration at acupoints following acupuncture meaningfully influ-
ence the subsequent physiological effect. However, Goldman et al. could not explain the specific pathway by
which acupuncture-stimulated adenosine concentrations increased at the acupoints. In the present study, we
investigated the relationship between mast cells and local adenosine signalling at acupoints. We used the mast
cell degranulation inhibitor sodium cromolyn to study whether the degranulation of mast cells affects the
acupuncture-induced increase of adenosine concentration at acupoints. In addition, we used an adenosine recep-
tor Al agonist to study whether the adenosine signal triggers acupuncture’s effect by activating mast cells.

Zhang et al. found that acupuncture caused an aggregation and degranulation of mast cells at acupoints, which
was correlated with the acupuncture analgesic effect?®. The granules from degranulated mast cells contain large
amounts of bioactive substances, such as histamine, substance P, 5-HT, IL2, and cell chemokines?, through which
histamine can trigger a series of physiological responses via the histamine H1 receptor in local tissue. In previ-
ous studies, we found that the injection of histamine at acupoints can induce the acupuncture analgesic effect”,
and we used specific antagonists and inhibitors of the histamine H1 receptor to study the interacting receptor of
histamine released from the granules of degranulated mast cells.

A central mechanism for the acupuncture analgesic effect has been widely accepted and is generally believed
to be associated with the release of opioid peptides in the brain®. Studies have shown that acupuncture can lead
to an increase in the concentration of 3-endorphin (EDP) in the cerebrospinal fluid of patients with pain®. We
chose EDP in cerebrospinal fluid to study the relationship between the local initiation mechanism at acupoints
triggered by acupuncture and the release of central opioid peptides.

Comparison of functional difference between acupoints and non-acupoint had been subject of another
research®. The present work investigates how acupuncture stimulation is converted into effective acupuncture
signals at acupoint, establishes the signal initiation pathway of tissue collagen-TRPV protein-mast cells, and clar-
ifies the important role played by adenosine-histamine at acupoints in the initiation of acupoint signals.

Results
Effects of the TRPV2 channel on the activation of mast cells at acupoints and on the acupuncture
analgesic effect. Asimmune cells, mast cells can be activated by various stimuli, including physical factors,
chemical factors and immunoglobulin. We demonstrated the activation of mast cells by mechanical stimulation
in in vitro experiments and found that the mechanosensitive channel protein TRPV2 expressed on the membrane
of mast cells is primarily involved in the activation process®. On the basis of this finding, we used transgenic
mice to compare the difference in the acupuncture analgesic effect in wild-type-TRPV2 (TRPV2-WT) mice and
TRPV2-knockout (TRPV2-KO) mice with inflammatory pain. After generating the model, the pain thresholds of
the animals in the two groups did not show a significant difference. After acupuncture treatment, the pain thresh-
old of the KO group was significantly lower than that of the WT group (P < 0.01, vs TRPV2-WT, see Fig. 1), with
the acupuncture analgesic effect in the TRPV2-KO mice having been inhibited significantly.

To study the effect of TRPV2 knockout on the activation of local mast cells at acupoints, we examined paraffin
sections of the ST36 local skin of mice in the two groups. Toluidine blue staining was used to label the mast cells
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Figure 2. Difference in degranulation ratios of mast cells at ST36 of TRPV2-knockout and wild-type mice after
acupuncture. The data for degranulation of mast cells are presented as the mean =+ s.e.m. The TRPV2-KO group
is the gene knockout group; the TRPV2-WT group is the littermate control group. **vs. TRPV2-WT P < 0.01.

and obtain the ratio of the degranulated mast cells versus the total number of mast cells by counting under the
microscope (Fig. 2). The TRPV2-KO group is the gene knockout mouse group, in which the degranulation of
mast cells after acupuncture was significantly lower than that of wild-type mice (P <0.01, vs TRPV2-WT, see
Fig. 2). Acupuncture induced mast cell degranulation in TRPV2-WT group (P < 0.01, vs. C57/BL-Model). As
shown in Fig. 2, the acupuncture-induced degranulation of mast cells was significantly lower in the TRPV2-KO
group than that of wild-type mice (P < 0.01, vs. TRPV2-WT; P > 0.05, vs. C57/BL-Model; Fig. 2). This result
supported our conclusion from the in vitro experiment, suggesting that the mechanosensitive protein TRPV2 is
indeed involved in the mast cell activation process triggered by acupuncture at acupoints.

Effects of mast cell activation on the increase in adenosine concentrations at acupoints and on
the acupuncture analgesic effect. Goldman et al. reported that acupuncture led to increases in adeno-
sine concentrations at acupoints and suggested that such increases were the basis for the acupuncture analgesic
effect”®. However, their study did not explain the source of adenosine molecules and the specific pathway impli-
cated in the increases in adenosine concentrations at the acupoints that was activated by acupuncture. Our studies
found that the increase in adenosine was influenced by mast cells.

We used acute adjuvant arthritis (AA) model rats®', which were randomly divided into two groups. One
group was the normal acupuncture (ACU) group, and the other group was subcutaneously injected with sodium
cromolyn (0.02 g/ml, 20 pl, with half receiving 5 mm subcutaneous injections into the muscle and the other half
receiving 2 mm subcutaneous injections under the dermis) (CRO + ACU) at local acupoints 5 min before the
acupuncture. Sodium cromolyn is a stabilizer of mast cell membranes. Thus, it can block mast cell degranulation
that has been induced by acupuncture. Figure 3 shows the tissue sections of the acupoints of the two groups. It
is evident that the degranulation phenomenon of the mast cells decreased significantly when acupuncture was
administered after the injection of sodium cromolyn at the acupoints, and the statistical data show that such an
inhibitory effect was common and reliable, as shown in Fig. 3(d). We measured the pain threshold at the plantar
of the ankle joint of the rats in the ACU, Model and CRO + ACU groups using an Analgesia Meter before estab-
lishing the model and both before and after the treatment, respectively. Moreover, we normalized the data based
on the basal pain threshold before establishing the model, which was used to determine the analgesic effect of
acupuncture, and the result is shown in Fig. 4. Model group are used for control of restrain stress. It was shown
on the same model rat that the amount and method of injection at ST 36 do not alter pain threshold?. The exper-
iment showed that the pain thresholds of the rats in each group decreased dramatically after establishing the
model: acupuncture (ACU) treatment significantly elevated the animals’ pain thresholds to produce an analgesic
effect, whereas acupuncture after the injection of sodium cromolyn (CRO + ACU) did not have a significant
impact on pain thresholds and did not produce analgesic effects.

To monitor the degranulation of mast cells at the acupoint and the changes in adenosine concentrations
at the acupoint, we used the acupoint microdialysis method?® to take local samples at rat ST36, and we used
high-performance liquid chromatography to measure the adenosine concentrations. The results are shown
in Fig. 5. In the experiment, the ACU group received 30 min of acupuncture from 0-30 min, whereas the
CRO + ACU group received local subcutaneous injections of sodium cromolyn 5 min before acupuncture.
The animals in the two groups had similar local adenosine concentrations at the acupoint before acupuncture
(P> 0.05). During acupuncture, the adenosine concentrations in the ACU group increased, which led to signif-
icantly higher levels than those observed in the CRO + ACU group (P < 0.05, vs the ACU group), whereas the
adenosine concentration of the latter group did not change significantly after acupuncture. The increase of aden-
osine didn’t last after acupuncture in ACU group, it might relate mainly to the initiation of acupuncture effect. In
our previous studies, we found that injection of 20 ul of saline locally at the acupoint using the same methodology
did not significantly influence the induction of an acupuncture effect*. These results demonstrate that when the
activation of mast cells is inhibited, acupuncture can no longer induce an increase in the local adenosine concen-
tration at the acupoint.

SCIENTIFICREPORTS| (2018) 8:6523 | DOI:10.1038/s41598-018-24654-y 3



www.nature.com/scientificreports/

a. Model > "~ b.ACU

.l

" 4 ; " 4
£ " Q{ ’ y
F | Lo

\ @ 25um 25um &1

c. CRO+ACU d.
@

o9
’ =S 80
{ Cec~
NS
® @ € " < 60
oL
® (] s €
[ 0 'g 407
S W O
' (=
" 4 ® © O 20
£ e
e 5 Ew®©
L] & =
‘ Qe Model ACU CRO+ACU
25um Groups
4 ————

Figure 3. The degranulation of mast cells at ST36 induced by acupuncture and its inhibition by sodium cromolyn.
After each experimental rat was sacrificed, a 5 x 5 X 5mm? volume of skin and muscle tissue from the ST36
acupoint was taken. After 48 hours of fixation in formalin solution, the tissue was cut into 5 pm paraffin sections,
with the section plane perpendicular to the skin’s surface. After staining with toluidine blue, the mast cells were
dark purple in colour as shown in (a) for Model group, (b) for ACU group and (c) for CRO + ACU group.The
acupuncture time at the ST36 acupoints of the animals in the ACU and CRO + ACU groups was 30 min. Sodium
cromolyn solution was injected at the acupoint 5 min before acupuncture for the CRO + ACU group. After
acupuncture, degranulation of the mast cells was detected in the tissue at the acupoint, as shown by the hollow
arrows in the figure. The cell boundaries of mast cells were blurred, and scattered granules were visible in the
surrounding regions. In the specimens in the Model group and CRO + ACU group, the mast cells were found to
manifest generally clear boundaries, as shown by the black arrows in the figure. (d) The difference of degranulation
ratios amomg these three groups is shown in bar graph. The data are presented as the mean +s.e.m. **vs. ACU

P <0.01. Sodium cromolyn was found to inhibit the mast cell degranulation triggered by acupuncture.
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Figure 4. Effect of sodium cromolyn injection on acupuncture analgesia. Pain threshold was normalized
according to pain thresholds determined prior to establishing the AA model; the data are presented as the

mean =+ s.e.m. in the figure. On day 1, the AA model was established. Before establishing the model, the pre-
modelling pain threshold was measured. On day 3, first, the post-modelling pain threshold was measured, and
the post-treatment pain threshold was measured 20 min after treatment. For the ACU group, acupuncture was
performed at the ST36 acupoint for 20 min. For the CRO + ACU group, sodium cromolyn solution was injected
locally at the acupoint 5min before acupuncture. The Model group was restrained for 20 min. Sodium cromolyn
was found to inhibit the analgesic effect induced by acupuncture in AA model rats. * vs ACU group, P < 0.05.
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Figure 5. Acupuncture-induced change in adenosine at rat ST36. A microdialysis probe was used to collect
tissue fluid specimens at the acupoint, and adenosine concentrations were measured using HPLC. Each data
point represents the mean =+ s.e.m. of the adenosine concentration in the specimen collected at 30-min intervals.
The ACU group was administered 30 min of acupuncture, as represented by the shadow. For the CRO + ACU
group, sodium cromolyn solution was injected at the acupoint 5 min before acupuncture, which is represented
by the dotted line. Sodium cromolyn was found to inhibit an increase in the adenosine concentration triggered
by acupuncture. *vs ACU group, P <0.05.
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Figure 6. Local injection of sodium cromolyn into ST36 did not inhibit the analgesic effect caused by A1
receptor activation at this acupoint. The pain threshold was normalised according to the pre-modelling pain
threshold; the data are presented as the mean £ s.e.m. On day 1, the AA model was established; however, the
pre-modelling pain threshold was measured before establishing the model. On day 3, the post-modelling pain
threshold was measured first, and the post-treatment pain threshold was measured 20 min after the treatment.
For the ACU group, acupuncture was performed at ST36 for 20 min. For the AIR group, CCPA solution

was injected locally at the acupoint. For the CRO + A1R group, sodium cromolyn was injected locally at the
acupoint 5 min before the injection of CCPA. *vs ACU group, P < 0.05.

The studies by Goldman et al. noted that adenosine plays its role at local acupoints through its A1 receptor?.
To determine whether sodium cromolyn merely inhibits increases in adenosine concentrations rather than inhib-
its the activation process of acupuncture-related local adenosine A1l receptors, we injected adenosine A1 receptor
agonist CCPA into the ST36 acupoint of the AA rat model (A1R group) and compared the results of the action
of CCPA when the degranulation of mast cells was blocked (CRO + A1R group). The results are shown in Fig. 6.
The injection of the adenosine A1 receptor agonist CCPA alone can have an analgesic effect similar to that of
acupuncture, and this effect cannot be inhibited by blocking the degranulation of mast cells through the injection
of sodium cromolyn. This suggests that the inhibition of the acupuncture effect by sodium cromolyn occurs by its
inhibition of the increase in adenosine concentration, which is caused by the activation of mast cells. Increases in
the adenosine concentrations during acupuncture analgesia are regulated by mast cell activation at the acupoints.

The role of local histamine receptors at the acupoint in acupuncture analgesia. During the
degranulation of mast cells at an acupoint, a large amount of histamine is released into the tissue with the gran-
ules. In our previous studies, we found that a local injection of histamine at the acupoint could lead to an analge-
sic effect?’; notably, the histamine H1 receptor is the interaction target of histamine in the peripheral tissues for
multiple responses®. To determine whether the histamine H1 receptor is involved in the acupuncture analgesic
effect, we used specific antagonists and inhibitors of the histamine H1 receptor for further study. Similarly, we
used an AA model and used specific agonists and antagonists of the histamine H1 receptor to examine the role of
histamine in the acupuncture analgesic effect. As shown in Fig. 7, the ACU group is the acupuncture group. The
HIR group was locally injected with the histamine H1 receptor agonist 2-pyridineethanamine dihydrochloride®
at the acupoint, which produced an effect similar to the acupuncture analgesic effect. The CPM + ACU group
was locally injected with the histamine H1 receptor antagonist chlorprophenpyridamine maleate (CPM)* at the
acupoint 5 min before acupuncture. The animals in the CPM group had a lower analgesic effect after acupuncture
than did the animals in the H1 receptor agonist group, and there was a significant difference when compared with
the acupuncture group (P < 0.05, vs ACU, see Fig. 7). In addition, injection of the H1 receptor agonist alone at
the acupoint achieved a similar effect as acupuncture analgesia (P < 0.05), and this had an effect similar to the
aforementioned injection of the Al agonist alone at the acupoint. Thus, although acupuncture can cause the
degranulation of mast cells and increases in histamine and adenosine at the acupoint, if a histamine H1 receptor
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Figure 7. Effects of histamine H1 agonism and antagonism on the acupuncture analgesia. The pain threshold
was normalised according to the pre-modelling pain threshold. The data are presented as the mean +s.e.m. On
day 1, the AA model was established; however, before establishing the model, the pre-modelling pain threshold
was measured. On day 3, the post-modelling pain threshold was measured first, and the post treatment pain
threshold was measured 20 min after treatment. For the ACU group, acupuncture was performed at ST36 for
20 min. For the HIR group, the H1 agonist solution was locally injected at the acupoint. For the CPM + ACU
group, the H1 receptor antagonist was locally injected at the acupoint 5 min before acupuncture. Both
acupuncture and the activation of the H1 receptor at the ST36 acupoint were found to lead to analgesic effects.
The H1 receptor antagonist was found to inhibit the analgesic effect triggered by acupuncture. * vs ACU group,
P <0.05.
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Figure 8. Effects of acupuncture and the influences of mast cells, the A1 receptor and the H1 receptor on
B-endorphin in the cerebrospinal fluid of animals. ELISA analysis was used to measure the concentrations of
B-endorphin in the cerebrospinal fluid of rats. The Control and Model groups were the blank control and the
AA model control, respectively. For the ACU group, acupuncture was performed at ST36 for 20 min. For the
HIR group, an H1 agonist solution was locally injected at the acupoint. For the CPM + ACU group, the H1
receptor antagonist was locally injected at the acupoint 5 min before acupuncture. For the A1R group, CCPA
solution was injected locally at the acupoint. For the CRO + A1R group, sodium cromolyn was injected locally
at the acupoint 5 min before the injection of CCPA. For the CRO 4+ ACU group, sodium cromolyn solution was
injected at the acupoint 5 min before the acupuncture. For the CRO + A1R group, sodium cromolyn solution
was injected at the acupoint 5 min before the injection of the CCPA solution. The EDP concentration in the
model group was found to be significantly lower than that of the blank control group. Acupuncture was shown
to elevate the EDP concentration, whereas sodium cromolyn or the H1 receptor antagonist was shown to inhibit
such an effect. Direct activation of the H1 receptor was shown to increase the EDP concentration. Activation of
the A1 receptor was shown to increase the EDP concentration, whereas sodium cromolyn did not demonstrate
the ability to inhibit such an effect. *vs Model P < 0.05; **vs Model P < 0.01; # vs ACU P < 0.05.

antagonist is injected into the acupoint before acupuncture, the acupuncture analgesic effect will be significantly
inhibited. This suggests that the activation of the histamine H1 receptor at the acupoint is a key step in the gener-
ation of the acupuncture analgesic effect following local mast cell degranulation, histamine release into tissue and
adenosine concentration increases, all three of which are triggered by acupuncture. If the H1 receptor is blocked,
then the stimulation signal at the acupoint cannot generate the acupuncture analgesic effect.

Effects of A1 and H1 receptor activation at the acupoint on 3-endorphin in cerebrospinal fluid.
The acupuncture analgesic effect relies on the release of multiple endorphins®®. Because the A1l and H1 recep-
tors of an acupoint play an important role in transmitting the acupuncture analgesic signal, can the activation
and blocking of Al and H1 cause changes in the release of endorphins in the brain? We chose 3-endorphin
in cerebrospinal fluid as an indicator of the release of endorphins. We used an AA model and established 8
groups, including a blank control group (Control), a model group (Model), an acupuncture group (ACU),
an acupuncture-after-blocking-mast-cell-degranulation group (CRO + ACU), an activation-of-the-
Al-receptor-after-blocking-mast-cell-degranulation group (CRO + A1R), an Al-receptor-activation group
(A1R), an H1-receptor-activation group (H1R) and an acupuncture-after-blocking-H1-receptor group
(CPM + ACU). We examined the changes in the EDP concentration in rat cerebrospinal fluid during the treat-
ment, and the results are shown in Fig. 8. As seen in the figure, the animals in the blank control group had a
higher EDP concentration in the cerebrospinal fluid, which decreased dramatically after establishing the model.
In clinical studies of various types of pain, decreases of EDP concentrations upon the occurrence of pain have
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previously been established®*. Acupuncture can cause a significant increase in EDP, reaching or even surpassing
the level of a blank control group, which is represented as an analgesic effect in animal behaviour. If mast cell
degranulation at the acupoint was inhibited (CRO + ACU) or the H1 receptor at the acupoint was blocked before
acupuncture, EDP in the cerebrospinal fluid exhibited slight increases, but no significant differences emerged
compared with the model group (P > 0.05, vs Model, see Fig. 8). If the A1 receptor agonist (A1R) is injected at the
acupoint, then the same effect as acupuncture can be achieved, and this effect will not be inhibited by blocking
mast cell degranulation at the acupoint (CRO + A1R). The experimental result of the changes in these endorphins
in the brain is fully consistent with the aforementioned analgesic effect observed in animals. This suggests that
the activation of mast cells and the H1 receptor at an acupoint generates an analgesic effect through the central
mechanism that unites the peripheral acupoints with the central mechanism.

Discussion

Mast cells are widely distributed across the skin on the surface of the body and in muscle tissue, and they are
a major component of innate immunity. Its involvement in acupuncture had been proved in former studies.
During acupuncture, mast cells are activated after deformation of collagen fiber in the acupoint?'. Its activation
effects acupuncture induced peripheral afferent signals® as well as analgesia effects?®. However in addition to their
immunological activation, mast cells can be activated by many other stimulus methods?. Studies in recent years
have found that many physical stimulation methods, including mechanical stimulation®, shearing force”, and
osmotic pressure®, can all lead to mast cell degranulation. Our previous studies have already shown that mast cell
activation caused by mechanical stimulation was associated with the TRPV2 channel protein on the membrane
of mast cells??. The TRPV2 channel protein can be activated by heat and mechanical stimulation; however, the
animal pain models constructed using TRPV2 gene knockout mice did not exhibit significant differences relative
to wild-type mice®. In the present work, we show that after TRPV2 knockout, acupuncture no longer activated
local mast cells in the acupoints and acupuncture analgesia was significantly attenuated. Taken together, mechan-
ical stimulation with acupuncture may act directly on the TRPV2 channel on the mast cells and lead to mast cell
degranulation, thereby triggering an analgesic effect. The activation method of mast cells determines the mecha-
nism by which they contribute to an acupuncture effect. We found that during acupuncture, mast cells could be
directly activated by stimulation via acupuncture and that mast cells play the role of a transducer in converting
acupuncture physical stimulation to biochemical signals. The relation between mast cells and acupuncture effects
may be beyond this specific model since mast cells are activated by acupuncture in other disease models**4!.

The adenosine concentration in tissue is determined by the metabolic balance of adenosine substances*2.
ATP in tissue is catabolized into adenosine through the catalysis of CD39 and CD37 on the cell membrane. The
equilibrative nucleoside transporters on the nearby cell membrane carry out bidirectional transport to regulate
the adenosine concentration in the tissue; therefore, the rapid release of both ATP and adenosine can elevate the
local adenosine concentration. The activation of mast cells elevates the local adenosine concentration through
direct and indirect methods. In vitro experiments have shown that various mast cells release adenosine after their
activation®?, wherein mast cells have been activated through their A3 receptors* to form a positive feedback
effect to further induce the direct release of adenosine. In addition to this direct release, activated mast cells can
elevate ATP release from endothelial cells in tissue by releasing lipopolysaccharide®® and, thus, indirectly promote
the increase of adenosine concentrations. Goldman et al. found that during acupuncture, the local adenosine
concentration at an acupoint is increased, and A1 receptor mediates the acupuncture effects on mice?>. However,
they could not provide an explanation for the source of such adenosine and its mechanism of expression. Mast
cells are unevenly distributed in human body surface tissue*®, and they are especially prevalent at acupoints?’.
We found an increase in the local adenosine concentration during acupuncture. After the activation of mast cells
was inhibited, acupuncture could not induce such an increase in adenosine concentration. We also noted the
association between adenosine signalling stimulated by acupuncture and mast cells. Mast cells are transducers for
acupuncture at acupoints, from which the release of adenosine is, at minimum, an important factor in establish-
ing an initiation signal at the acupoints during acupuncture analgesia.

Cellular approach showed that mast cells release ATP in response to multiple types of physical stimulations*®.
The current study provides in vivo evidence for its release during acupuncture. However, as indicated by Tang et al.*’,
P2X receptors, which are activated by ATP, might be modulated only as a consequence for anti-nociception.
Adenosine, through A1 receptors, plays a more important role in the acute analgesia effects. Our results showed
that it is modulated by mast cells in the acupoint.

Histamine in tissue derives mainly from basophils and mast cells, and its major function in body surface
tissue is reflected in the immune response. Histamine is stored in granules in mast cells. Degranulation of mast
cell release histamine to extracellular space. Histamine increases vascular permeability through the histamine
H1 receptor to activate nerve endings, relax vascular smooth muscle, and cause redness and itching?. Davis et al.
also showed that activation of the histamine H1 receptor can stimulate cutaneous afferent excitability and
cause itching®. On the other hand, gene knockout experiments further support the view that the H1 receptor is
involved in the pain sensation process®!, but its targeting receptor and mechanism were still unclear. In this study,
we found that injecting an H1 receptor agonist alone could induce the analgesic effect and that an H1 receptor
antagonist could inhibit the acupuncture analgesic effect. This suggests that during acupuncture, the histamine
released from the activated local mast cells at acupoints plays a role in the acupuncture effect through the H1
receptor. Therefore, histamine and the H1 receptor may compose an important biological signalling pathway
during acupuncture analgesia.

The release of enkephalin, endorphin, dynorphin and many endogenous opioid peptides is the central path-
way to achieve the acupuncture analgesic effect®>>*; however, different acupoints and stimulation methods may
yield differential effects in the release of endogenous opioid peptides?. Studies have found that acupuncture
can cause an increase in the 3-endorphin concentrations in the cerebrospinal fluid® and that an increase of

SCIENTIFICREPORTS | (2018) 8:6523 | DOI:10.1038/s41598-018-24654-y 7



www.nature.com/scientificreports/

the 3-endorphin concentration in the central nervous system can lead to an increase in the pain threshold®.
However, no report has been made on the relationship between the peripheral local changes caused by acupunc-
ture and the central release of opioid peptides. Here, we chose 3-endorphin as an indicator of a central response
to the acupuncture analgesic effect. We found that local peripheral H1 and A1 receptor agonists produced effects
similar to that of acupuncture in terms of leading to an increase of the 3-endorphin concentrations in cerebro-
spinal fluid, whereas blocking mast cell degranulation at acupoints or injecting an H1 receptor antagonist could
inhibit the increase of 3-endorphin caused by acupuncture. Such a change in the 3-endorphin concentration was
consistent with the acupuncture analgesic effect. This result further suggests that the activation of local peripheral
adenosine and histamine receptors has a central analgesic mechanism similar to that of acupuncture.

The above results and former studies suggest a pathway of acupuncture analgesia, in which physical mechani-
cal stimulation generates an overall biological effect in the body. Needle penetration with the action of manipula-
tion leads to the winding and deformation of collagen fibres in the connective tissue!®?!. Acupoint tissue is often
enriched with mast cells*, and under the action of high stress, TRPV2 proteins open to induce mast cell activa-
tion (mechanical activation) and degranulation?’. The major component of the granules, histamine, is released
into the tissue to cause increases in histamine and adenosine concentrations in local tissue?’. Adenosine binds
to the A3 receptors on the membranes of other nearby mast cells to generate positive feedback, thereby induc-
ing continued mast cell degranulation (chemical activation) and the release of more histamine and adenosine.
Histamine and adenosine will bind to the H1 and A1 receptors on the nerve receptor, respectively, to generate
specific excitatory nerve signals®>*>°, and such a neural electrical signal is transmitted to the central nervous sys-
tem for integration, which results in the release of opioid peptides, including 3-endorphin, in the brain, thereby
generating an long lasting analgesic effect after the removal of needle'.

This paper focuses on the roles of mast cells and key bioactive substances in the initiation of acupoints. We
used gene knockout, specific receptor antagonists, agonists, and other technical means to study the acupuncture
analgesic effect triggered by mast cell activation and adenosine concentration changes at acupoints and to study
the changes in 3-endorphin in cerebrospinal fluid. We found that the mechanosensitive protein TRPV2 was
involved in local mast cell activation at the acupoint caused by acupuncture and the generation of the analgesic
effect. Acupuncture can influence increases in adenosine concentrations in local tissue by activating mast cells,
and the histamine that is released due to the activation of mast cells plays a role in the acupuncture effect via the
histamine H1 receptor. Moreover, the local activation of the A1 and H1 receptors at acupoints will lead to an
increase of 3-endorphin in cerebrospinal fluid. Through the study reported in this paper, we proposed a signal
initiation pathway involving collagen propose based on an acupoint-mast cell-TRPV protein axis, clarified the
targets of the important initiation substances (namely, histamine and adenosine) at the acupoints, and elucidated
the cellular and molecular biological mechanisms of the acupoint initiation on the acupuncture effect. These find-
ings will form a new frontier in the cellular and molecular biological studies of the acupuncture analgesic effect.

Methods

Acute adjuvant arthritis model rats. Clean SD male rats were provided by the Shanghai Experimental
Animal Breeding Center of the Chinese Academy of Sciences, under license number SCXK (Hu) 2007-0005.
The body weight of the rats was approximately 150+ 20g, and all rats were in good health. All rats were ran-
domly grouped and numbered, and they were fed and housed under standard conditions (GB14925-2001). All
animal experimental methods were approved by the Experimental Animal Ethics Committee of the Shanghai
Acupuncture and Meridian Research Center. All methods were performed in accordance with the committee’s
guideline and regulation.

The basal pain threshold values (before AA model) of all animals were measured on the day following their
transport to the lab, which for all the groups—except the blank control group—was one day prior to that upon
which they were modelled. The method for establishing the models was to use 10% chloral hydrate for intraperi-
toneal injection according to 0.04 ml/100 g to anaesthetise the animals, after which 0.05ml of CFA was injected
into the left ankle joint cavity. On the second day of modelling (the fourth day after arrival), by direct observation,
the rats that were determined to have significant swelling at the modelling site and to have problems moving
around were considered to have undergone successful modelling. The post-modelling pain threshold (after AA
model) was measured immediately, and the blank control group was also measured during the same time frame.
After measuring the post-modelling pain threshold, each group was treated differently. Treated rats were placed
in an Analgesia Meter, and 20 min later, the post-treatment pain threshold value (after treatment) measurement
was started.

TRPV2 gene knockout model. The TRPV2 gene knockout male mice used in this study were brought
from the Shanghai Research Center for Model Organisms. The gene knockout site was the partial sequence of
the fourth exon of the TRPV2 gene, and a conditional knockout vector plasmid was constructed. Gene targeting
was performed in SCR012 embryonic stem cells, with screening performed for the embryonic stem cell clones
to confirm that both arms had the correct homologous recombination. The positive clones were injected into
the embryo sac of normal C57BL/6] mice, which developed into chimeric parents and bred with C57BL/6] to
obtain mice with both arms being positive. Eventually, such heterozygous mice were crossed with E2A-Cre mice
to obtain systemic gene knockout mice.

Basal pain threshold was measured on the first day for all animals (before pain model). After the measure-
ment, the animals in all groups underwent modelling treatment. The modelling method was to use 0.3% pento-
barbital sodium for intraperitoneal injection according to 1.2:ml/100 g to anaesthetise the animals, after which
0.03 ml of CFA (Complete Freunds’s Adjuvant, SIGMA, USA) was injected into the left hind feet to execute the
inflammatory pain model. On the second day of modelling, by direct observation, the mice that were deter-
mined to have significant swelling at the modelling site and problems moving around were considered to have
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undergone successful modelling. The post-modelling pain threshold value (after pain model) was measured
immediately. After the mice were treated with acupuncture for 20 min, the pain threshold value (after acupunc-
ture) after acupuncture was measured.

Determination of the animal pain threshold. An Analgesia Meter (IITC INC. Life Science Instrument,
USA) was used to stimulate the plantar near the left ankle joint of a rat, and its hindpaw withdrawal latency was
measured. For mice, the bottoms of their left feet were stimulated, and their hindpaw withdrawal latencies were
measured. Before the measurement started, all animals were left for 20 min in a transparent box (with freedom
of movement), which would subsequently be used in the experiment, to permit adaptation to the environment.
The ambient temperature was maintained at 24 2 °C, the interval between measurements was 10 min, and the
measurement was performed three times, from which an average was calculated. To protect the animals from
burns, the upper limit of the instrument was set at 20s.

Acupuncture stimulation. The acupuncture position was the Zusanli (ST36) on the left leg, and the acu-
puncture method consisted of 30 s of lifting-thrusting, needle retention for 30s, 30 s of twisting, and needle
retention for 30s, which were performed alternately. After the acupuncture had been complete for 20 min, the
post-treatment pain threshold value (after AA model) was measured. The AA model rats received 20 min of
acupuncture treatment in the pain-threshold and EDP-measurement experiments versus 30 min of acupuncture
treatment in the microdialysis experiment. In the mouse experiment, the acupuncture time was 30 min.

Operation in each group. For the pain threshold test and the EDP test, the rats were randomly divided into
the following groups: the Control, which received no treatment; the Model group, in which AA model rats were
restrained for 20 min; the ACU group, which received acupuncture at ST36 for 20 min; the HIR group, which was
injected with 2-pyridineethanamine dihydrochloride (200 pg/ml, 50 pl; H1 agonist) at ST36; the CPM + ACU
group, which was injected with chlorprophenpyridamine maleate (50 pl, 0.4 mg/ml; H1 antagonist) at ST36,
5min before acupuncture; the AI1R group, which was injected with CCPA (0.04 mg/ml, 20 ul) at ST36; and the
CRO + ACU and CRO + A1R groups, which were injected with sodium cromolyn (0.02 g/ml, 20 ul) at ST36,
5min before acupuncture or CCPA injection.

Tissue sectioning and mast cell staining.  After measuring its AT value, the rat was immediately sac-
rificed by cervical dislocation. With the acupoint as the centre, a 5 x 5 x 5mm specimen of skin and muscle
tissue was taken, which was fixed in formalin solution for 48 hours. The tissue was dehydrated using a tissue
dehydration machine, and paraffin was used to embed the tissue. The tissue was sectioned at a thickness of 5 pm.
Toluidine blue (TB) was used to stain the mast cells.

Under a 400x upright dissecting microscope, the total number of mast cells and the number of degranulated
mast cells were counted. Mast cells with a blurred boundary, blue staining of the surrounding region, and signif-
icant degranulation were counted as degranulated mast cells. The ratio of the number of degranulated mast cells
versus the total number of mast cells in one section was used as the degranulation rate. For each animal, three
random selected sections were counted, and the average was taken.

Microdialysis and the HPLC analysis of adenosine. To achieve stable anaesthesia during the 3hours
experiment, isoflurane is used as anaesthetic. The rats were anaesthetised by connecting them to an isoflurane
evaporator (Jiangsu Taixing AoKai Medical Instrument Co., Ltd) through an animal ventilator (Harvard, USA).
After induction, the animals were continuously anaesthetised using an inhalation of 1.5% isoflurane, and 30 min
later, the inhalation was reduced to 1.0% isoflurane, which was maintained until the experiment was completed.
A microdialysis probe (MD2211, Basi, USA) was planted subcutaneously at the acupoint, and the dialysis solution
used was Ringer’s solution. A syringe pump was used to provide power, the flow rate was set at 2 pl/min, and one
sample was taken every 30 min, lasting for 2.5h, to yield a total of 5 samples.

High-performance liquid chromatography was performed using an Agilent 1100 system. The mobile phase
was a methanol-water solvent pair, of which the water phase contained 50 mmol/L monosodium phosphate and
4mmol/L disodium phosphate, with a ratio between methanol and water of 5:95. The flow rate was 0.8 ml/min; the
chromatography column was an Agilent odx with an inner diameter of 4.6 mm, a column length of 250 mm, and
a filling gap of 5 um; and the detector was a UV detector with a detection wavelength of 256 nm. The adenosine
standard was checked both before and after the measurement, and the concentrations were 3000 nM, 1000 nM,
300nM, and 100 nM. The detection results of the animal samples were compared to the standard according the
peak areas, and the concentration was calculated.

Detection of 3-endorphin by ELISA. Larger male rats at 200 = 20 g were used to facilitate collection of
CSE Injections and acupuncture were performed on the rats while restrained in a Broome style restrainer. After
treatment, the animals were anaesthetised by intraperitoneal administration of chloral hydrate. The foramen
magnum was exposed, and a 1-ml syringe with a bent tip was used for intradural collection of CSE. All CSF was
then stored in a —80 °C refrigerator and was diluted 3 times before use in the ELISA test. An ELISA kit (S-1170,
Peninsula Laboratories International, Inc., USA) was used for the detection qualification of 3-endorphin, with the
test performed according to the manufacturer’s manual.

Methods for data analysis. The mast cell degranulation rate met homogeneity of variance assumptions
between the groups, and a Independent-sample two-tail T-test was used for the analysis with P < 0.05 consid-
ered a statistically significant difference. The rat pain threshold data were normalised to each animal’s basal pain
threshold value. Single-factor analysis of variance was used for the comparison between the groups, with P < 0.05
regarded as indicative of a significant difference. The mice were measured three times for their pain threshold,
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and the average of these measurements was calculated. Independent-sample two-tail T-tests were used for com-
parisons between the groups, with P < 0.05 considered indicative of a significant difference. Independent-sample
two-tail T-tests were used to compare the local adenosine concentration changes at the acupoint between groups,
with P < 0.05 considered indicative of a significant difference. Independent-sample single-tail T-tests were used
to compare the endorphin concentrations in the cerebrospinal fluid between groups, with P < 0.05 considered
indicative of a significant difference.

References

1

3.

15.

16.
17.

18.

19.

20.

21.

22.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

. Vickers, A.]. et al. Acupuncture for chronic pain: individual patient data meta-analysis. Arch. Intern. Med. 172, 1444-1453 (2012).
2.

Yuan, Q. L. et al. Acupuncture for musculoskeletal pain: a meta-analysis and meta-regression of sham-controlled randomized
clinical trials. Sci. Rep. 6, 30675; https://doi.org/10.1038/srep30675 (2016).

Vas, J. et al. Acupuncture as a complementary therapy to the pharmacological treatment of osteoarthritis of the knee: randomised
controlled trial. Br. Med. J. 329, 1216-1219 (2004).

. Berman, B. M,, Lao, L., Wen, L. L., Gilpin, A. M. K. & Hochberg, M. C. Effectiveness of acupuncture as adjunctive therapy in

osteoarthritis of the knee: a randomized, controlled trial. Ann. Intern. Med. 141, 901-910 (2004).

. Macpherson, H. et al. Acupuncture and counselling for depression in primary care: a randomised controlled trial. PloS Med. 10,

€1001518, https://doi.org/10.1371/journal.pmed.1001518 (2013).

. Yeung, A. S., Ameral, V. E., Chuzi, S. E., Fava, M. & Mischoulon, D. A pilot study of acupuncture augmentation therapy in

antidepressant partial and non-responders with major depressive disorder. J. Affect. Disord. 130, 285-289 (2011).

. Brinkhaus, B. et al. Acupuncture in patients with seasonal allergic rhinitis: a randomized trial. Ann. Intern. Med. 158, 225-234

(2013).

. Ng, S. S. M. et al. Electroacupuncture reduces duration of postoperative ileus after laparoscopic surgery for colorectal cancer.

Gastroenterology. 144, 307-313 (2013).

. Lu, L. et al. Acupuncture for neurogenesis in experimental ischemic stroke: a systematic review and meta-analysis. Sci. Rep. 6, 19521,

https://doi.org/10.1038/srep19521 (2016).

. Zhang, X,, Liu, X. T. & Kang, D. Y. GRADE in systematic reviews of acupuncture for stroke rehabilitation: recommendations based

on high-quality evidence. Sci. Rep. 5, 16582, https://doi.org/10.1038/srep16582 (2015).

. Flachskampf, E. A. et al. Randomized trial of acupuncture to lower blood pressure. Circulation. 115, 3121-3129 (2007).

. Richter, A., Herlitz, J. & Hjalmarson, A. Effect of acupuncture in patients with angina pectoris. Eur. Heart J. 12, 175-178 (1991).

. Liu, Z. et al. Acupuncture for chronic severe functional constipation: a randomized trial. Ann. Intern. Med. 165, 761-769 (2016).

. World Health Organization. Acupuncture: Review And Analysis Of Reports On Controlled Clinical Trials. (World Health

Organization, 2002).

Tjen-A-Looi, S. C., Guo, Z. L., Fu, L. W. & Longhurst, J. C. Paraventricular nucleus modulates excitatory cardiovascular reflexes
during electroacupuncture. Sci. Rep. 6, 25910, https://doi.org/10.1038/srep25910 (2016).

Zhao, Z. Q. Neural mechanism underlying acupuncture analgesia. Prog. Neurobiol. 85, 355-375 (2008).

Langevin, H. M., Churchill, D. L. & Cipolla, M. J. Mechanical signaling through connective tissue: a mechanism for the therapeutic
effect of acupuncture. FASEB J. 15, 2275-2282 (2001).

Langevin, H. M., Bouffard, N. A., Badger, G. J., Churchill, D. L. & Howe, A. K. Subcutaneous tissue fibroblast cytoskeletal remodeling
induced by acupuncture: evidence for a mechanotransduction-based mechanism. J. Cell. Physiol. 207, 767-774 (2006).

Langevin, H. M. & Yandow, J. A. Relationship of acupuncture points and meridians to connective tissue planes. Anat. Rec. 269,
257-265 (2002).

Julias, M., Edgar, L. T., Buettner, H. M. & Shreiber, D. L. An in vitro assay of collagen fiber alignment by acupuncture needle rotation.
Biomed. Eng. Online. 7, 19, https://doi.org/10.1186/1475-925X-7-19 (2008).

Yu, X, Ding, G., Huang, H., Lin, J. & Zhan, R. Role of collagen fibers in acupuncture analgesia therapy on rats. Connect. Tissue Res.
50, 110-120 (2009).

Zhang, D. et al. Mast-cell degranulation induced by physical stimuli involves the activation of transient-receptor-potential channel
TRPV2. Physiol. Res. 61, 113-124 (2011).

. Goldman, N. et al. Adenosine A1 receptors mediate local anti-nociceptive effects of acupuncture. Nat. Neurosci. 13, 883-888 (2010).
. Zhang, D. et al. Role of mast cells in acupuncture effect: a pilot study. Explore. 4, 170-177 (2008).

. Metcalfe, D. D., Baram, D. & Mekori, Y. A. Mast cells. Physiol. Rev. 77, 1033-1079 (1997).

. Parsons, M. E. & Ganellin, C. R. Histamine and its receptors. Br. J. Pharmacol. 147, S127-S135, https://doi.org/10.1038/

5j.bjp.0706440 (2016).

Huang, M., Xie, Y. Y. & Ding, G. H. [Acupoint-injection of histamine induced analgesic effect in acute adjuvant-induced-arthritis
rats.]. Acupunct. Res. 35,99-103 (2010).

Han, J. S. Acupuncture: neuropeptide release produced by electrical stimulation of different frequencies. Trends Neurosci. 26,17-22
(2003).

Clement-Jones, V. et al. Increased beta-endorphin but not met-enkephalin levels in human cerebrospinal fluid after acupuncture for
recurrent pain. Lancet. 2, 946-949 (1980).

Zhu, H. et al. Mast cell activation in the acupoint is important for the electroacupuncture effect against pituitrin-induced bradycardia
in rabbits. Sci. Rep. 7, 9040, https://doi.org/10.1038/s41598-017-08855-5 (2017).

De-Castro-Costa, M., De-Sultter, P, Gybels, J. & Van-Hees, J. Adjuvant-induced arthritis in rats: a possible animal model of chronic
pain. Pain. 10, 173-185 (1982).

Martinezmir, M. L, Estaii, L., Moralesolivas, F. J. & Rubio, E. Effect of histamine and histamine analogues on human isolated
myometrial strips. Br. . Pharmacol. 107, 528-531 (1992).

Skeans, S. et al. Airway closure after antigen challenge in cynomolgus monkeys: effect of the histamine H1 receptor antagonist,
chlorpheniramine maleate. Int. Arch. Allergy Immunol. 137, 37-44 (2005).

Puig, M. M., Laorden, M. L., Miralles, E. S. & Olaso, M. J. Endorphin levels in cerebrospinal fluid of patients with postoperative and
chronic pain. Anesthesiology. 57, 1-4 (1982).

Sa, Z. Y., Huang, M., Zhang, D. & Ding, G. H. [Relationship between regional mast cell activity and peripheral nerve discharges
during manual acupuncture stimulation of “Zusanli”’(ST 36).]. Acupunct. Res. 38, 118-229 (2013).

Fowlkes, V., Wilson, C. G., Carver, W. & Goldsmith, F. Mechanical loading promotes mast cell degranulation via RGD-integrin
dependent pathways. J. Biomech. 46, 788-795 (2013).

Yang, W., Chen, ]. & Zhou, L. Effects of shear stress on intracellular calcium change and histamine release in rat basophilic leukemia
(RBL-2H3) cells. J. Environ. Pathol. Toxicol. Oncol. 28, 223-230 (2009).

Eggleston, P. A., Kagey-Sobotka, A. & Lichtenstein, L. M. A comparison of the osmotic activation of basophils and human lung mast
cells. Am. Rev. Respir. Dis. 135, 1043-1048 (1987).

Park, U. et al. TRP Vanilloid 2 Knock-Out Mice Are Susceptible to Perinatal Lethality But Display Normal Thermal and Mechanical
Nociception. J. Neurosci. 31, 11425-11436 (2011).

Chen, L. et al. [Comparative study of electroacupuncture and moxibustion in influencing tianshu (st 25) regions mast cells in
visceral hyperalgesia rats.]. . Acupunct. Tuina Sci. 14, 242-249 (2016).

SCIENTIFICREPORTS | (2018) 8:6523 | DOI:10.1038/s41598-018-24654-y 10


http://dx.doi.org/10.1038/srep30675
http://dx.doi.org/10.1371/journal.pmed.1001518
http://dx.doi.org/10.1038/srep19521
http://dx.doi.org/10.1038/srep16582
http://dx.doi.org/10.1038/srep25910
http://dx.doi.org/10.1186/1475-925X-7-19
http://dx.doi.org/10.1038/sj.bjp.0706440
http://dx.doi.org/10.1038/sj.bjp.0706440
http://dx.doi.org/10.1038/s41598-017-08855-5

www.nature.com/scientificreports/

41. Luo, Q. et al. [Comparing the effects of electro-acupuncture and medicinal vesiculation on mast cells activation in rats with hepatic
fibrosis.]. J. Clin. Acupunct. Moxibustion. 31, 59-63 (2015).

42. Fredholm, B. B. Adenosine, an endogenous distress signal, modulates tissue damage and repair. Cell Death Differ. 14, 1315-1323
(2007).

43. Marquardt, D. L., Gruber, H. E. & Wasserman, S. I. Adenosine release from stimulated mast cells. Proc. Natl. Acad. Sci. USA 81,
6192-6196 (1984).

44. Ramkumar, V,, Stiles, G. L., Beaven, M. A. & Ali, H. The A3 adenosine receptor is the unique adenosine receptor which facilitates
release of allergic mediators in mast cells. J. Biol. Chem. 268, 16887-16890 (1993).

45. Bodin, P. & Burnstock, G. Increased release of ATP from endothelial cells during acute inflammation. Inflamm. Res. 47, 351-354
(1998).

46. Janssens, A. S. et al. Mast cell distribution in normal adult skin. J. Clin. Pathol. 58, 285-289 (2005).

47. Zhang, D., Ding, G. H., Shen, X. Y. & Lin, J. [Study on the correlation between meridian acupoints and mast cells.]. Acupunct. Res.
30, 115-119 (2005).

48. Wang, L. et al. ATP release from mast cells by physical stimulation: a putative early step in activation of acupuncture points. Evid.
Based Complement. Alternat. Med. 2013, 350949, https://doi.org/10.1155/2013/350949 (2013).

49. Tang, Y, Yin, H. Y., Rubini, P. & Illes, P. Acupuncture-induced analgesia: a neurobiological basis in purinergic signaling. Neuroscientist. 22,
563-578 (2016).

50. Davies, M. G. & Greaves, M. W. Sensory responses of human skin to synthetic histamine analogues and histamine. Br. J. Clin.
Pharmacol. 9, 461-465 (1980).

51. Mobarakeh, J. I. et al. Role of histamine H1 receptor in pain perception: a study of the receptor gene knockout mice. Eur. J. Pharmacol. 391,
81-89 (2000).

52. Han, J. S., Xie, G. X, Zhou, Z. E, Folkesson, R. & Terenius, L. Enkephalin and beta-endorphin as mediators of electro-acupuncture
analgesia in rabbits: an antiserum microinjection study. Adv. Biochem. Psychopharmacol. 33, 369-377 (1982).

53. Han, J. S. & Xie, G. X. Dynorphin: important mediator for electroacupuncture analgesia in the spinal cord of the rabbit. Pain. 18,
367-376 (1984).

54. Bodnar, R. ], Nilaver, G., Wallace, M. M., Badillo-Martinez, D. & Zimmerman, E. A. Pain threshold changes in rats following central
injection of beta-endorphin, met-enkephalin, vasopressin or oxytocin antisera. Int. J. Neurosci. 24, 149-160 (2009).

55. Huang, H. et al. [Effects of acupoint-nerve block on mast cell activity, manual acupuncture- and electroacupuncture-induced
analgesia in adjuvant arthritis rats.]. Acupunct. Rec. 34, 31-35 56, (2009).

56. Huang, M. et al. In adjuvant-induced arthritic rats, acupuncture analgesic effects are histamine dependent: potential reasons for
acupoint preference in clinical practice. Evid. Based Complement. Alternat. Med. 2012, 810512, https://doi.org/10.1155/2012/810512
(2012).

Acknowledgements

This work was funded by the National Natural Science Foundation of China (No. 81303027, No. 81590953, No.
81574053), the Shanghai Key Laboratory of acupuncture mechanism and acupoint function (14DZ2260500), and
the Science and Technology Commission of Shanghai Municipality (No. 15441903800). We would like to thank
Professor Wolfgang Schwarz from Frankfurt University for his help in revising the manuscript. We would like to
thank the Shanghai Green Valley Group Co., Ltd. and Fosun Group Co., Ltd. for their financial support of this
project.

Author Contributions

G.H.D. contributed to conceptualization of experiments. M.H. and X.Z.W. contributed to microdialysis and
HPLC analysis, M.H. and B.B.X. contributed to collection of CSF sample, M.H., Z.Y.S. and H.W.Y. contributed
to histological examinations, M.H. and Z.Y.S. contributed to behaviour experiments, M.H., X.Z.W. and H.-W.Y.
contributed to ELISA tests. M.H. contributed to data analysis, D.Z., W.Y. and G.H.D. contributed to review of
data, G.H.D,, N.Y,, Y.X. and M.H. contributed to writing of manuscript, All authors reviewed and approved the
manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

SEEE ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:6523 | DOI:10.1038/s41598-018-24654-y 11


http://dx.doi.org/10.1155/2013/350949
http://dx.doi.org/10.1155/2012/810512
http://creativecommons.org/licenses/by/4.0/

	Critical roles of TRPV2 channels, histamine H1 and adenosine A1 receptors in the initiation of acupoint signals for acupunc ...
	Results

	Effects of the TRPV2 channel on the activation of mast cells at acupoints and on the acupuncture analgesic effect. 
	Effects of mast cell activation on the increase in adenosine concentrations at acupoints and on the acupuncture analgesic e ...
	The role of local histamine receptors at the acupoint in acupuncture analgesia. 
	Effects of A1 and H1 receptor activation at the acupoint on β-endorphin in cerebrospinal fluid. 

	Discussion

	Methods

	Acute adjuvant arthritis model rats. 
	TRPV2 gene knockout model. 
	Determination of the animal pain threshold. 
	Acupuncture stimulation. 
	Operation in each group. 
	Tissue sectioning and mast cell staining. 
	Microdialysis and the HPLC analysis of adenosine. 
	Detection of β-endorphin by ELISA. 
	Methods for data analysis. 

	Acknowledgements

	Figure 1 Different acupuncture effects between TRPV2 knockout (KO) and wild-type (WT) mice.
	Figure 2 Difference in degranulation ratios of mast cells at ST36 of TRPV2-knockout and wild-type mice after acupuncture.
	Figure 3 The degranulation of mast cells at ST36 induced by acupuncture and its inhibition by sodium cromolyn.
	Figure 4 Effect of sodium cromolyn injection on acupuncture analgesia.
	Figure 5 Acupuncture-induced change in adenosine at rat ST36.
	Figure 6 Local injection of sodium cromolyn into ST36 did not inhibit the analgesic effect caused by A1 receptor activation at this acupoint.
	Figure 7 Effects of histamine H1 agonism and antagonism on the acupuncture analgesia.
	Figure 8 Effects of acupuncture and the influences of mast cells, the A1 receptor and the H1 receptor on β-endorphin in the cerebrospinal fluid of animals.




